Abstract: Decreased brain activity in the default mode network, particularly in the precuneus (PCU), has been consistently shown in acquired brain injury (ABI) patients. However, it is unclear whether resting-state brain activity recovers longitudinally in ABI patients and whether functional activity restoration is associated with improvements in consciousness level. Here, resting-state fMRI data were acquired from 23 ABI patients and 30 age-and gender-matched controls with two longitudinal observations for each participant. The fMRI data were analyzed using amplitude of low-frequency fluctuation (ALFF) to measure the fluctuation strength of local spontaneous activity, and seed-based functional connectivity was used to measure functional relationship with the seed region in the whole brain. The level of consciousness was assessed using the Glasgow Coma Scale (GCS) and Coma Recovery Scale-Revised (CRS-R) on both scanning days of the patients. Interaction effect between the two groups and two scans in ALFF was observed in the PCU, which was driven by restored ALFF in the ABI, while a stable ALFF in the control group. Moreover, restoration of ALFF in the PCU correlated with improvements in both the CRS-R and GCS. Specifically, recovery of ALFF in the PCU primarily reflected the signals of the slow-4 frequency band (0.027-0.073 Hz). Based on the functional connectivity maps of the PCU, we observed a nonsignificant interaction effect or correlation with consciousness 
INTRODUCTION
In patients with acquired brain injury (ABI), hypofunctional activity primarily in the default-mode network [Raichle et al., 2001] , particularly the precuneus (PCU) and posterior cingulate cortex, has consistently been observed [Achard et al., 2012; Boly et al., 2009; Huang et al., 2014a; Norton et al., 2012; Vanhaudenhuyse et al., 2010; Wu et al., 2015] . Moreover, hypo-metabolism in the PCU, posterior cingulate cortex and frontoparietal regions has been reported in ABI patients [Di Perri et al., 2016; Laureys et al., 2004; Nakayama et al., 2006] . These cross-sectional functional neuroimaging studies suggest that PCU plays a central role in the neurobiological mechanisms underlying the loss of consciousness in ABI patients. Significant advances in patient care and rehabilitation have provided ABI patients with an opportunity to recover in terms of physical and mental health and regain level of consciousness. However, the underlying neuronal mechanisms of the progression to recovery of consciousness level in ABI patients remain unclear.
The findings from previous longitudinal fMRI studies in ABI patients have been inconsistent [Falletta Caravasso et al., 2016; Hillary et al., 2011; Nakamura et al., 2009; Venkatesan et al., 2015] , and conclusions have been limited, possibly due to the absence of longitudinal data from matched control subjects [Falletta Caravasso et al., 2016; Nakamura et al., 2009; Venkatesan et al., 2015] . Thus, it is important to systematically investigate the potential roles of brain functional activity in tracking the recovery of consciousness level in ABI patients in a relatively large ABI sample with matched healthy controls. Moreover, crosssectional studies have demonstrated the clinical relevance of hypo-activity [Vanhaudenhuyse et al., 2010; Wu et al., 2015] , showing correlations between hypo-activity and the degree of loss of consciousness. Exploration of the potential relationship between the longitudinal recovery of brain activity and the extent of improvements in clinical symptoms is lacking.
Resting-state fMRI has emerged as a powerful tool for mapping the spontaneous functional activity of the human brain noninvasively, and it is particularly useful for clinical populations, such as ABI patients [Di Perri et al., 2016; Sharp et al., 2014] . The amplitude of low-frequency fluctuation (ALFF, generally in the range of 0.01-0.08 Hz) [Zang et al., 2007] is an efficient index that quantifies resting-state local spontaneous neuronal activity, reflects the regional metabolic level of glucose [Aiello et al., 2015] , shows high test-retest reliability particularly suitable for longitudinal observations , and has been widely adopted in clinical studies [Han et al., 2011; Hare et al., 2017; Lui et al., 2009; Meda et al., 2015] which closely correlates with clinical symptoms [Hare et al., 2017; Lui et al., 2009] . By decomposing the low-frequency fluctuations into slow-4 (0.027-0.073 Hz) and slow-5 (0.01-0.027 Hz) frequency bands consistent with Buzkasi's theory [Buzsaki and Draguhn, 2004] , Meda and colleagues reported that ALFF in slow-4 and slow-5 might play complementary roles underlying the physiologic mechanisms for psychosis [Meda et al., 2015] . In addition, ALFF in slow-5 could detect greater functional abnormalities in amnestic mild cognitive impairment patients [Han et al., 2011] . These findings suggest that we should carefully consider the frequencydependent effect on intrinsic local neuronal activity.
To assess the potential correspondence between the longitudinal recovery of resting-state brain activity and consciousness level in ABI patients, we collected two longitudinal resting-state scans in 23 ABI patients and 30 matched controls, and evaluated the consciousness level of the ABI patients at both time points. Resting-state brain activity was calculated using ALFF, and consciousness level was assessed using the Glasgow Coma Scale (GCS) [Teasdale and Jennett, 1974] and Coma Recovery ScaleRevised (CRS-R) [Giacino et al., 2004] . We hypothesized that (1) the disrupted resting-state activity in ABI with loss of consciousness is longitudinally restored, particularly in the PCU; (2) the extent of resting-state activity recovery in the PCU correlates with the improvement in consciousness level; and (3) slow-4 and slow-5 signals might show a frequency-dependent effect on tracking longitudinal changes in CRS-R and GCS in ABI patients. With the ALFF findings used as seeds for functional connectivity analysis, we additionally explored whether the connectivity of those regions could be used to track the restoration of consciousness level in ABI. community from July 2015 to February 2016. The present study was approved by the Medical Research Ethics Committee and the Institutional Review Board of Huashan Hospital, and informed consent was obtained from each participant or from a legal representative. Participants were excluded if they had any of the following clinical conditions: a) a history of psychiatric or neurological illness prior to suffering from disorders of consciousness, b) a previous history of medically documented brain injury, c) a history of psychoactive drug consumption, or d) current or previous drug or alcohol abuse. The patients were diagnosed and assigned to the following four categories: fully preserved consciousness state (PC), minimally conscious state (MCS), unresponsive wakefulness syndrome/ vegetative state (UWS/VS), and coma [Schnakers, 2012] . Six ABI patients were excluded for excessive head motion during one or both of the functional scans. The remaining 23 ABI patients and 30 control subjects were included in further analyses.
The 23 patients were scanned twice under stable conditions (no intubation or sedation used). The first scan was conducted at 5-344 days (81.1 6 95.4 days) after the onset of acquired brain injury, and a time gap between the two scans ranged from 3 to 289 days (75.8 6 93.6 days). The level of consciousness was assessed using the GCS and CRS-R [Wu et al., 2015] on both fMRI scan days. Detailed demographic and clinical characteristics of the ABI patients, including etiology and lesion locations are listed in Supporting Information Table SI. Among the 23 ABI patients, 8 patients were in a PC state, 9 patients were in a MCS state, 4 patients were in an UWS/VS state, and the remaining 2 patients were in a COMA state at Scan 1 (Supporting Information Table SI ). Seven out of the 9 MCS patients transitioned to the PC state at Scan 2, 2 out of the 4 UWS/VS patients transitioned to the PC state, and one COMA patient transitioned to the PC state and the other COMA patient transitioned to the MCS state.
Data Acquisition
All participants were scanned using a 3 T Siemens Verio scanner (Siemens Medical Systems, Erlangen, Germany) with a 12-channel head coil at the Huashan Hospital of Fudan University. Resting-state fMRI images were collected using an echo-planar imaging sequence (repetition time 5 2000 ms; echo time 5 35 ms; flip angle 5 908; number of slices 5 33; slice thickness 5 4 mm; gap 5 0 mm; matrix 5 64 3 64). The participants were scanned with two in-plane resolutions reflecting the different field-of-view selections used by the different MRI scanner operators [Wu et al., 2015] , as follows: (1) in-plane resolution 5 4 3 4 mm 2 for 20 ABI patients at Scan 1, 19 ABI patients at Scan 2 and all CON subjects at both scans and (2) in-plane resolution 5 3.281 3 3.281 mm 2 for 3 ABI patients at Scan 1 and 4 ABI patients at Scan 2. During data acquisition, the participants lay quietly in the scanner. The restingstate fMRI scans lasted 400 s and resulted in 200 volumes for each participant. Healthy control subjects and communicative ABI patients were instructed to keep their eyes closed during the scan. A set of T2-weighted images was acquired from each participant to assess focal brain injury, and a senior neuroradiologist reviewed these images.
Data Preprocessing
The fMRI data were preprocessed using Analysis of Functional NeuroImages (AFNI) [Cox, 1996] , Statistical Parametric Mapping (Wellcome Department of Imaging Neuroscience, University College, London), and Matlab (MathWorks). Specifically, the preprocessing steps included the removal of the first four volumes, slice timing, and head motion correction, spatial normalization using a template from the Montreal Neurological Institute, linear trend removal, and spatial smoothing with a 6-mm Gaussian kernel [Power et al., 2014] . After correcting for motion, the subjects with minimal motion, i.e., less than one voxel, for at least 135 continuous volumes in both resting-state scans were included in further analyses. Six ABI patients were thus excluded. Among the other 23 ABI patients and 30 CON subjects, 5 ABI patients and 1 CON subject generated truncated data, with continuous data for more than 135 volumes.
ALFF Analysis
Whole brain voxel-wise ALFF [Zang et al., 2007; Zou et al., 2013; Zuo et al., 2010] was calculated for each subject based on the continuous fMRI data. ALFF, which quantifies local resting-state signal fluctuations, was calculated as the integral of signal amplitude in the lowfrequency domain (0.009-0.08 Hz) . The subject-level voxelwise ALFF map was converted into a zscore map by subtracting the mean ALFF of the whole brain and dividing by the standard deviation [Hare et al., 2017; Zang et al., 2007; Zou et al., 2010 Zou et al., , 2013 . We decomposed the ALFF calculation in the low-frequency range into two bands as previously described [Buzsaki and Draguhn, 2004; Han et al., 2011; Hare et al., 2017; Zuo et al., 2010] , i.e., slow-4 (ALFFs4, 0.027-0.073 Hz) and slow-5 (ALFFs5, 0.01-0.027 Hz). Similarly, ALFFs4 and ALFFs5 maps were converted into z-score maps.
Statistical Analysis
Linear mixed-effects (LME) modeling was performed for the two (groups: ABI and CON) by two (scans: Scans 1 and 2) analyses using 3dLME in AFNI Lu et al., 2014] . The effects of age, gender, resolution type, number of volumes remaining, and time gap between the two functional scans were controlled prior to the 3dLME analyses. We used autocorrelation function (ACF) modeling approach combined with a voxel-wise threshold of P < 0.001 to correct for multiple comparisons [Cox et al., 2016; Eklund et al., 2016] . ACF was developed and implemented into the 3dClustSim tool to determine the clustersize threshold to use for a given voxel-wise threshold. ACF was estimated using 3dFWHMx based on the preprocessed resting-state fMRI data obtained prior to ALFF calculations. Correspondingly, a corrected significance level of P < 0.05 for the resulting statistical maps was obtained using clusters, with a minimum number of 33 voxels at an uncorrected individual voxel height threshold of P < 0.001.
Spearman's correlation coefficient was calculated to assess the relationship between the changes in ALFF in the regions showing significant interaction effect and the improvements in behavioral responsiveness, indicated as changes in the GCS and CRS-R in all 23 patients, with the effects of age, gender, resolution type, number of volumes remaining, and time gap between the two functional scans controlled.
We further divided the ABI patients into two subgroups based on their degree of improvements in consciousness level, i.e., improved ABI (ABII, N 5 12) and nonimproved ABI (ABIN, N 5 11). The ABII group included patients with significant improvements in consciousness level: 1) eleven patients transitioned to a less severe diagnostic category (Supporting Information Table SI) , and 2) one patient remained in the same category at both scans but showed changes in GCS and CRS-R greater than the minimum clinical improvement in the 11 ABI patients who progressed to a less severe category, i.e., GCS improvement >1 and CRS-R improvement >4. The ABIN group included the other 11 patients who remained in the same category without significant improvement in consciousness level. Interaction effect among the three groups (the two ABI subgroups and the control group) and between the two scans were further tested using 3dLME, with the effects of age, gender, resolution type, number of volumes remaining, and time gap between the two functional scans controlled.
The same statistical analyses were conducted separately for ALFFs4 and ALFFs5 maps as used for the ALFF maps described above.
Seed-Based Functional Connectivity Analysis
The regions showing significant interaction effect (two groups by two scans) of ALFF were selected as "seed" to perform seed-based resting-state functional connectivity analysis. This analysis was adopted to further explore whether functional connectivity between the seed and different regions in the whole brain recovered with the restoration of consciousness level in the ABI patients. The same strategy performed in a previous study for data preprocessing and FC map calculation was adopted here [Wu et al., 2015] . The statistical analyses used for the ALFF maps were conducted on the connectivity maps, including (1) testing interaction effects on two participating groups and two scans; (2) if the two by two interaction effects were significant, then calculating Spearman's correlation coefficient between functional connectivity changes in the ROIs showing significant interaction effect and the improvements in the GCS and CRS-R scores; and (3) further testing of the interaction effects on these three groups (the improved and nonimproved ABI subgroups and control group) and two scans.
RESULTS

Demographic and Clinical Characteristics
Supporting Information Tables SI and Table I represent the demographic and clinical features of all participants. There were no significant differences between the two groups in terms of gender (v 2 ð1Þ 5 0.225, P 5 0.430), age (t (51) 5 1.373, P 5 0.176) or time gap between the two fMRI scans (t (51) 5 20.536, P 5 0.594). Significant improvements in consciousness level were observed in the CRS-R (t (22) 5 3.583, P 5 0.0017) and GCS (t (22) 5 3.691, P 5 0.0013) in the ABI patients.
Disrupted Local Neuronal Activity Was Partially Restored in ABI Patients
Significant group by scan interaction effects were primarily located in the PCU (Fig. 1A) . Bar and error bar plots and post hoc analyses (Fig. 1B) revealed that the interaction effect in the PCU was driven by restored ALFF in the ABI group (P < 0.001), while there was no significant change in the CON group. Importantly, the ALFF of the ABI group was similar to that of CON subjects at Scan 2, suggesting that the local neuronal activity in the PCU in ABI patients approached normal. To validate that the interaction effect was not affected by varied data length among participants, we generated bar and error bar plots based on the 18 ABI and 29 CON participants with fulllength fMRI data. We observed identical interaction patterns and post hoc results in the PCU (Fig. 1C) . 
Relationship Between Restoration of Brain Activity and Recovery of Consciousness Level in ABI
Using Spearman's correlation analysis, the average longitudinal changes in ALFF in the PCU region showed significantly positive correlations (P < 0.05) with improvements in both the CRS-R ( Fig. 2A) and GCS (Fig. 2B) scores. There was a negligible effect of data length in the Spearman's correlation analysis. Based on the data from the 18 ABI subjects with full-length fMRI time courses, we observed significant correlations between longitudinal changes in ALFF in the PCU and recovery in consciousness level (Fig. 2C,D) .
Restoration of Local Neuronal Activity Was
Observed in the Improved, but Not the Nonimproved, ABI Patients in the PCU After further dividing the ABI patients into improved and nonimproved subgroups, significant group (among these two ABI subgroups and healthy controls) by scan (Scans 1 and 2) interaction effects located in the PCC/PCU and anterior part of the PCC extending to middle cingulate cortex (Fig. 3A) were identified. Bar and error bar plots and post hoc analyses (Fig. 3B) revealed that the interaction effect in the PCC/PCU was primarily driven by a restored ALFF in the ABII group (P < 0.001), while there were no significant changes in the ABIN and CON groups. The ALFF of both the ABII and ABIN groups was lower than that of the CON group at Scan 1. While the ALFF of the ABII group was similar to that of the CON subjects at Scan 2, ALFF in the ABIN group remained lower than that of the CON group.
The interaction effect in the anterior PCC was primarily driven by decreased ALFF in the ABII group at Scan 1 compared to the CON group, and the restoration of ALFF values in the ABII group at Scan 2. Notably, the interaction effects were minimally affected by varied data length across subjects (Fig. 3C) .
To direct compare patients who did recover consciousness versus patients who did not recover consciousness, we divided the 23 ABI patients into four subgroups based on the extent of longitudinal recovery of consciousness: (1) two patients who were in unconsciousness state at Scan 1 and stayed in unconsciousness state at Scan 2 (unC->unC); (2) four patients who recovered consciousness at Scan 2 from unconsciousness state at Scan 1 (unC-> C); (3) nine patients who were already conscious at Scan 1 with nonimproved GCS or CRS-R (C->C (n)); and (4) eight patients who were already conscious at Scan 1 with improved GCS or CRS-R (C-> C (i)). However, due to the limited sample size of each subgroup, there was only a trend (P > 0.05) that patients who recovered consciousness (unC->C) showed large changes in ALFF in the PCU compared to the patients who did not recover consciousness (unC-unC) (Fig. 4) . There was also a trend (both p values > 0.1) that patients who recovered consciousness (unC->C) showed large changes in ALFF in the PCU compared to the patients who were already conscious and remained so (both C-> C(n) and C-> C(i)) (Fig. 4) . 
Local Neuronal Activity in Slow-4 Frequency Range Primarily Contributed to Recovery
Based on the ALFFs4 maps, two groups by two scans interaction effect was observed in the PCU, identical to the results observed for ALFF (Fig. 5A,B) . However, the interaction effect based on ALFFs5 maps did not survive multiple comparison correction. Nevertheless, the average ALFFs5 values extracted from the PCU region (shown in Fig. 5A ), exhibited group by scan patterns (Fig. 5C ) similar to those of ALFFs4 (Fig. 5B) .
Similar to ALFF, average changes of ALFFs4 in the PCU region (Fig. 5A ) showed positive correlations with improvements in both the CRS-R and GCS scores (Fig. 6A,B) . For ALFFs5, the significance of Spearman's correlation with the changes in consciousness level was marginal (Fig. 6C,D) .
The interaction effects from the three groups by two scans in ALFFs4 maps were almost identical to those in ALFF (Fig. 7A ,B, in comparison to Fig. 3A,B) . Based on ALFFs5 maps, no significant interaction effect was observed after statistical correction on the whole brain voxel-wise analysis, although bar and errorbar plots and post hoc analyses in the PCU ROI (Fig. 7A) showed patterns across groups and between scans similar to those of ALFF and ALFFs4 (Fig. 7C , in comparison to Figs. 3B and 7B).
No Significant Interaction Effect on Functional Connectivity with the PCU
With a seed placed at the PCU as shown in Figure 1A , we observed no significant two groups by two scans interaction effect based on the functional connectivity maps. Further dividing the ABI into two subgroups and testing the three groups by two scans interaction effect yielded non significant findings.
DISCUSSION
A longitudinal investigation was performed on adaptations in resting-state activity in a cohort of ABI patients with loss of consciousness, and the results were compared to age-and gender-matched healthy controls. Group by scan interaction effect was observed in the PCU, with disrupted ALFF in ABI patients compared to CON subjects in these regions at Scan 1 and restored functional activity approaching the normal level in the CON group at Scan 2. Moreover, the extent of functional restoration in the PCU correlated with the improvements in consciousness level, indicated as the GCS and CRS-R scores. The restoration of local neuronal activity in the PCU associated with longitudinal recovery of consciousness level was primarily contributed by the signal in the slow-4 frequency band. Together, these findings suggest that the ALFF in the PCU plays an important role in tracking the clinical improvement of the behavioral responsiveness in ABI patients.
Decreased ALFF in the PCU in ABI Patients
The decreased resting-state local activity in the PCU was consistent with findings from a previous small-sample cross-sectional study on 11 ABI patients and 12 control subjects [Huang et al., 2014a] . In a similar investigation of subjects with loss of consciousness induced using anesthesia, Huang and colleagues observed a decreased amplitude of low-frequency fluctuations in the PCU [Huang et al., 2014b] . However, these authors did not map the restoration of functional activity in the subjects after these individuals regained consciousness from anesthesia.
ALFF has been shown to significantly correlate with local glucose metabolism in healthy subjects [Aiello et al., 2015] . The observations of disrupted spontaneous activity in the PCU in ABI patients in the present study are spatially consistent with previous FDG-PET studies indicating hypo-metabolism in the PCU [Laureys et al., 2004; Nakayama et al., 2006; Stender et al., 2015] , which further extended the notion that disruptions in ALFF reflect brain Fig. 1A in four subgroups of patients. unC>unC, two patients who were in unconsciousness state at Scan 1 and stayed in unconsciousness state at Scan 2; unC->C, four patients who recovered consciousness at Scan 2 from unconsciousness state at Scan 1; C->C (n), nine patients who were already conscious at Scan 1 with nonimproved GCS or CRS-R; and C->C (i), eight patients who were already conscious at Scan 1 with improved GCS or CRS-R. [Color figure can be viewed at wileyonlinelibrary.com] hypo-metabolism in ABI patients. Moreover, the disruption in ALFF in the PCU closely corresponds with consistent findings based on functional connectivity methodology [Achard et al., 2012; Boly et al., 2009; Norton et al., 2012; Vanhaudenhuyse et al., 2010; Wu et al., 2015] .
Longitudinal Restoration of ALFF in the PCU in ABI Patients
The present investigation represents the first longitudinal study to evaluate local neuronal activity restoration in ABI patients. Previous longitudinal fMRI studies in ABI patients have been focused on functional connectivity changes [Falletta Caravasso et al., 2016; Hillary et al., 2011; Nakamura et al., 2009; Venkatesan et al., 2015] . Nakamura and colleagues showed that functional connectivity strength throughout the whole brain longitudinally decreased in 6 ABI patients, with only one scan from control subjects [Nakamura et al., 2009 ]. Hillary and colleagues showed increased functional connectivity between the posterior cingulate cortex and PCU in 10 ABI patients while decreased connectivity in 10 controls [Hillary et al., 2011] . On a sample of 15 ABI patients and without data from control subjects, Falletta Caravasso and colleagues showed longitudinally increased functional connectivity between the posterior cingulate cortex and the right angular gyrus [Falletta Caravasso et al., 2016] . Venkatesan and colleagues reported increased positive connectivity between the posterior cingulate cortex and dorsomedial prefrontal cortex, and decreased negative connectivity between the posterior cingulate cortex and the frontoparietal operculum and inferior parietal lobule, based on longitudinal data from 13 ABI patients and only a baseline scan from 18 control subjects [Venkatesan et al., 2015] . Conclusions from these previous longitudinal fMRI studies were inconsistent and might be caused by the relatively small sample size (less than 20 ABI patients) and the absence of longitudinal data from matched controls [Falletta Caravasso et al., 2016; Nakamura et al., 2009; Venkatesan et al., 2015] . Here, we alternatively adopted the ALFF analytic strategy from the aspect of local activity based on a relatively large cohort including 23 ABI patients and 30 matched healthy control participants. We showed that the disrupted ALFF in the PCU reached a normal level with the restoration of consciousness level, as indicated by CRS-R and GCS, in ABI patients, particularly for improved ABI participants, whereas for control subjects, ALFF in the PCU remained unchanged. These findings suggest that ALFF in the PCU is related to restoration of behavioral responsiveness in ABI.
Interestingly, no significant group by scan interaction effect was observed based on seed-based functional connectivity maps with the seed placed at the PCU, while the ALFF values in the PCU could be used to track the longitudinal recovery of consciousness level in ABI patients. Intuitively, lower resting-state signal fluctuations in the PCU might affect the seed-based functional connectivity with this region, which was the motivation of the seedbased analysis in the present study. The non significant finding of the group by scan interaction effect based on seed-based functional connectivity with the PCU might reflect increased inter-subject variation in the connectivity analysis. As shown in Supporting Information Table SI, the locations of lesion varied across the ABI patients over the whole brain, while the PCU was one of the relatively intact regions. ALFF is an index reflecting local neuronal activity thus could reveal longitudinal changes in functional activity with high sensitivity. Seed-based functional connectivity captures the functional synchrony between the seed region and a target region [Biswal et al., 1995; Greicius et al., 2003 ], thus intersubject variations in both seed and target regions could result in the variation in functional connectivity. We propose that the ABI patients would gradually regain functional connectivity toward more recovery in the consciousness level, requiring more sensitive functional connectivity computational methodology, such as intranetwork and internetwork connectivity strength [Peraza et al., 2017; Zhu et al., 2017] , and dynamic functional connectivity [Chang et al., 2013; Zhang et al., 2016] to track the longitudinal recovery of connectivity.
Correlation Between Restoration of ALFF in the PCU and Consciousness Level
None of the previous longitudinal fMRI studies performed a direct correlation analysis between functional activity changes and improvement in consciousness level. Here, we showed a positive correlation between increases in ALFF in the PCU and level of consciousness recovery indexed by both the GCS and CRS-R scales. These results greatly extend previous findings based on cross-sectional investigations of the relationship between functional connectivity strength and consciousness level in ABI patients [Wu et al., 2015] . These findings contribute to the understanding of the neural mechanisms underlying restoration of behavioral responsiveness and provide important clinical information for future treatment assessment of ABI patients. In addition to the potential clinical relevance of ALFF regarding ABI and restoration of consciousness level, these observations provide further evidence of resting-state fMRI and ALFF as an important imaging technique and computational methodology for various psychiatric and neurological diseases.
Roles of the PCU and Posterior Cingulate Cortex in the Loss of Consciousness Level and Recovery in ABI
The PCU and posterior cingulate cortex constitute the main components of the neural network correlates of consciousness [Vogt and Laureys, 2005] and act as important components of the default mode network [Fox et al., 2005; Greicius et al., 2003; Lu et al., 2012; Raichle et al., 2001 ; [Achard et al., 2006; Buckner et al., 2009; Liang et al., 2013] . Specifically, for ABI with loss of consciousness, hypo-activity in the PCU and posterior cingulate cortex, indexed as local fluctuation strength, metabolism and functional connectivity with other regions of the brain, have been frequently reported. Thus, the PCU and posterior cingulate cortex should be the main regions affected by the loss of consciousness. Our longitudinal recovery data further showed that the PCU, particularly the cognitive subdivision [Margulies et al., 2009) , regained functional activity with the restoration of behavioral responsiveness, i.e., improvements in the GCS and CRS-R. In addition, the PCU together with posterior cingulate cortex could track the extent of recovery, showing different patterns of longitudinal changes in improved and nonimproved ABI patients (Figs. 5 and 7) .
Contributions of Slow-4 and Slow-5 Frequency Bands to ALFF Restoration
Buzsaki and colleagues showed a hierarchical organization of oscillation classes [Buzsaki and Draguhn, 2004; Penttonen and Buzs aki, 2003 ], i.e., frequency bands in the brain , and suggested that fluctuations are functionally relevant, such as input selection and plasticity and consolidation of information [Buzsaki and Draguhn, 2004] . Accordingly, we subdivided the low-frequency resting-state fMRI signals to slow-4 (0.027-0.073 Hz) and slow-5 (0.01-0.027 Hz) and observed that the ALFF in the slow-4 frequency band showed higher sensitivity in tracking the restoration of behavioral responsiveness, although ALFF in the slow-5 frequency band showed similar patterns. Buzsaki and colleagues showed that independent frequency bands are generated by different mechanisms and serve different physiological functions, and each band might carry different dimensions of brain integration and behavioral state-dependent [Penttonen and Buzs aki, 2003 ]. Thus, the findings of the present study suggested that signals in the slow-4 frequency band might be more sensitive to track the longitudinal recovery of ABI patients. Frequencydependent findings in ALFF have been reported for multiple populations with brain disorders. Disrupted ALFF in the visual cortex in schizophrenia patients has been observed in the slow-4 frequency band [Hoptman et al., 2010] , while complementary roles of ALFF in slow-4 and slow-5 frequency bands have been shown in neural signatures of psychosis [Meda et al., 2015] . Han and colleagues observed higher sensitivity of the slow-5 frequency band in detecting changes in amnestic mild cognitive impairment patients [Han et al., 2011] , while Di Martino and colleagues showed fluctuations of response time in children with higher ALFF in the slow-4 band [Di Martino et al., 2008] . Together, the findings from other groups and the present study suggest the presence of frequency-dependent effects of different bands on the intrinsic brain activity and highlight investigations of potentially specific effects from different frequency bands.
LIMITATIONS AND FUTURE WORK
Potential limitations in the present study should be recognized. First, the time gap between the two longitudinal scans varies across participants. However, the time gap matched between the ABI and CON groups, and the effect of the time gap was modeled in the statistical analyses [Wu et al., 2015] . Nonetheless, a more rigorous control of the time gap between the baseline scan and follow-up visits is preferred in future studies. In addition, a more detailed longitudinal paradigm design, including more than two longitudinal observations, is needed for further studies. Second, the radiological findings regarding lesion locations were heterogeneous in ABI patients. The fact that the location and severity of lesions generally differ across patients remains a challenge for imaging studies in acquired brain injury [Di Perri et al., 2016; Norton et al., 2012; Silva et al., 2015; Vanhaudenhuyse et al., 2010] . To overcome these obstacles, additional multi-center collaborative studies with much larger samples are needed to examine the convergent and divergent effects from the location and severity of lesions on the disruption and recovery of brain activity and consciousness level. Nevertheless, we observed the longitudinal restoration of local neuronal activity in the PCU and the recovery of behavioral responsiveness in the ABI patients. To investigate the longitudinal recovery of consciousness, we need further compare between patients who recovered consciousness from unconsciousness state versus patients who stayed in the unconsciousness state on a larger sample. In addition, the causal relationship between the functional activity in the PCU and consciousness remains unclear. In future studies, we need to systematically investigate whether patients/animals with lesion in the PCU either in part or in full, show loss of consciousness. We could further pursue whether neurostimulation (excitatory or inhibitory) in the PCU improves the consciousness level on patients/ animals with loss of consciousness.
CONCLUSIONS
In summary, these data illustrated that ALFF in the PCU could potentially track progressive brain functional changes, and these changes showed a close correlation with clinical improvements in ABI. Furthermore, the longitudinal recovery of ALFF in the PCU primarily distributed in the slow-4 frequency band. The resting-state local neuronal activity in the PCU might provide important clinical information for the guidance and development of rehabilitation therapy.
